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We investigated the capacity of Royal College of Surgeons (RCS) rat retinal pigment epithelial (RPE) cells to take up all-trans-
retinol (ROL) (vitamin A) and to metabolize it into retinyl esters (RE). Cultures of RPE cells were established from RCS and
control newborn rats. All-trans-ROL was delivered to the apical surface of the RPE monolayer. Retinoids were analyzed by high-
performance liquid chromatography. The cellular retinol-binding protein type I (CRBP-I) was assessed by Western blotting. Before
supplementation with ROL, RE were lower in RCS rats. After ROL supplementation, esters increased and reached values that were
similar in the two strains, but the increase, expressed relative to the initial value, was higher in RCS rats. The uptake of ROL and the
level of CRBP-I were greater in RCS rats. Our results provide evidence of a functional retinol esterifying enzyme in cultured RCS
RPE cells and suggest that CRBP-I could play a role in the uptake and esteriﬁcation of ROL in the RPE cells.
 2003 Elsevier Ltd. All rights reserved.
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The retinal pigment epithelium (RPE), a monolayer
of cuboidal cells located between choroidal blood vessels
and photoreceptors, has an essential function in the vi-
sual cycle by processing all-trans-retinol (ROL) to 11-
cis-retinal, a molecule necessary for visual pigment
regeneration in the photoreceptor outer segments. The
RPE cells internalize all-trans-ROL across the plasma
membrane, either from the choroidal blood vessels, or
from the photoreceptor outer segments after rhodopsin
light bleaching. Within the RPE, all-trans-ROL is es-
teriﬁed by a lecithin retinol acyltransferase (LRAT) into
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doi:10.1016/j.visres.2003.09.017stearate (RS), isomerized to 11-cis-ROL by an iso-
merohydrolase, and subsequently, oxidized by a retinol
dehydrogenase into 11-cis-retinal (Chader, Pepperberg,
Crouch, & Wiggert, 1998; Crouch, Chader, Wiggert, &
Pepperberg, 1996; McBee, Palczewski, Baehr, & Pep-
perberg, 2001; Saari, 1994).
The Royal College of Surgeons (RCS) rat is an es-
tablished model of inherited human retinal degeneration
(Bourne, Campbell, & Tansley, 1938; Dowling & Sid-
man, 1962), as well as an important animal model for
studying a number of physiological functions of the
RPE. RPE phagocytosis of photoreceptor outer segment
tips, that are normally shed during turnover of the
photoreceptor cell outer segment membranes (Edwards
& Bakshian, 1980; Young & Bok, 1969), is impaired in
this strain (Bok & Hall, 1971; Chaitin & Hall, 1983;
Edwards & Szamier, 1977; Goldman & O’Brien, 1978;
Herron, Riegel, Myers, & Rubin, 1969; LaVail, 1981;
LaVail, Sidman, & O’Neil, 1972). The consequence is an
accumulation of debris in the subretinal space that leads
to degeneration of the retinal photoreceptor cells and
ﬁnally to blindness (Bok & Hall, 1971; Dowling & Sid-
man, 1962; Hall, Chaitin, & Clark, 1985; Herron et al.,
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cause of RPE malfunction in the RCS rat remains un-
known however it is thought to involve a mutated gene
expressed in the RPE (Edwards & Szamier, 1977;
Goldman & O’Brien, 1978; Mullen & LaVail, 1976). A
mutation of the gene that encodes the receptor tyrosine
kinase, Mertk, a candidate receptor for the phagocytosis
of the photoreceptor outer segments, has been identiﬁed
recently (D’Cruz et al., 2000; Nandrot et al., 2000).
In the RCS rat, some modiﬁcations of retinoid me-
tabolism in the RPE cells have been described, including
a reduction in ROL esteriﬁcation (Berman, Segal, Pho-
tiou, Rothman, & Feeney-Burns, 1981). In this study
we investigated the capacity of RCS rat RPE cells in
primary culture to internalize all-trans-ROL and to
metabolize it into RE. Because incorporation and ester-
iﬁcation can be modulated by the availability of the
cellular retinol-binding protein type I (CRBP-I) (Ber-
man, Horowitz, Segal, Fisher, & Feeney-Burns, 1980;
Ottonello, Petrucco, & Maraini, 1987; Saari, Bunt-
Milam, Bredberg, & Garwin, 1984; Saari et al., 2002),
this issue was also addressed in this study.2. Methods
2.1. Chemicals and reagents
Trypsin (Difco Corp., Detroit, USA), collagenase
(Worthington Biochemical Corp., Freehold, USA),
Dulbecco’s modiﬁed eagle’s medium (DMEM) and
foetal bovine serum (FBS) were used for RPE cells
isolation and culture. Standards of ROL and RP were
purchased from Hoﬀman–La Roche (Basel, Switzer-
land) and standards of RS and retinyl laurate (RL) were
synthesized according to Aza€ıs-Braesco, Forget, Mer-
cier, and Grolier (1992). Solutions of retinoid standards
were stored in isopropanol at +4 C in the dark. Using
the respective extinction coeﬃcient (E1%) (Sporn &
Roberts, 1994), their concentrations were determined
spectrophotometrically after dilution in ethanol. Iso-
propanol, ethanol, methanol and hexane were obtained
from Carlo Erba (Chaussee-du-Vexin, France) and di-
chloromethane from Mallinckrodt (Deventer, Holland).
All the solvents were high-performance liquid chro-
matographic (HPLC) grade. Diaminobenzidine (DAB)
was obtained from Sigma–Aldrich Corp. (Saint Quentin
Fallavier, France).
2.2. Animals
Dystrophic, black-eyed RCS (rdy pþ) rats were de-
rived from breeding pairs originally provided by the
National Institute of Health (Bethesda, USA). Long-
Evans (LE) rats, used as controls, were obtained from
Depre (Saint-Doulchard, France). Both are pigmentedstrains. Colonies of each were maintained in an animal
room with a 12-h light, 12-h dark cycle. Food and water
were supplied ad libitum. All experiments were per-
formed in accordance with the ARVO statement for the
use of animals in ophthalmic and vision research.
2.3. Retinal pigment epithelial cells culture
Primary cultures of RPE cells were established from
8–10 day-old rats according to the procedure of Ed-
wards (1981) with modiﬁcations. Eyes were enucleated
under sterile conditions and soaked overnight in the
dark at room temperature in DMEM. The intact globes
were then incubated for 60 min at 37 C with 0.5 ml of
trypsin–collagenase solution per eye (1 mg trypsin per
ml and 2 mg collagenase per ml dissolved in DMEM).
Immediately after incubation, the eyes were immersed in
culture medium (DMEM, 10% (v/v) FBS, 1% (v/v) anti-
biotics). All subsequent dissections were performed
using a dissecting microscope with the eyes submerged
in medium. Intact sheets of RPE were gently separated
from the choroid. The RPE sheets were pooled in a
sterile tube, centrifuged at 100g for 10 min, rinsed in
phosphate buﬀer saline (PBS) and again centrifuged at
100g for 10 min. The RPE sheets were then incubated at
room temperature in a trypsin solution in order to ob-
tain a suspension of single cells. Culture medium was
added to stop the action of the trypsin. The cells were
then centrifuged at 100g for 10 min, resuspended in
culture medium, counted and seeded into 24-well clus-
ters at a density of 250,000 per well. Primary cultures
were maintained in an incubator in a 95% air/5% CO2
atmosphere at 37 C. In four days the cells proliferated
to form a conﬂuent monolayer.
2.4. Supplementation with retinol
Conﬂuent RPE cells in culture were supplemented
with all-trans-ROL. Cells received a fresh culture me-
dium which contained all-trans-ROL, at a ﬁnal con-
centration of 2 lM, dissolved in 0.1% ethanol. Such an
amount of ethanol does not induce any physical change
in the membrane organization (Yuli, Wilbrandt, &
Shinitzky, 1981).
2.5. HPLC analysis
The ROL and RE contents in the ROL supplemented
cultures were analyzed after 0, 3, 6 and 24 h of ROL
supplementation. After the desired ROL incubation
time, culture medium was removed and the cells were
washed with PBS 0.1 M (pH 7.4). For each well, cells
were scraped oﬀ, transferred to a polypropylene tube
with 500 ll PBS 0.1 M (pH 7.4), homogenized by son-
ication and stored at )80 C until analysis. Two hun-
dred microliters of the cell suspension was used for the
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mination of protein concentrations by the method
of Lowry, Rosebrough, Frazer, and Randall (1951).
Retinoid extractions were carried out under dim red
light (k > 620 nm). Proteins were precipitated by adding
to cell samples an equal volume of ethanol, which con-
tained butylated hydroxytoluene (50 mg/l) as anti-oxi-
dant, and 20 ll of RL (9.5 lg/ml) was added as internal
standard. Retinoids were extracted with two volumes of
hexane containing butylated hydroxytoluene. The mix-
ture was vortexed for 1 min, centrifuged at 500g for 10
min at 4 C and the hexane layer was collected with a
pipette. The extraction with hexane was then repeated
one more time. The combined extracts were evaporated
to dryness under nitrogen, whereafter the residue was
dissolved in 200 ll of a methanol/dichloromethane (65/
35, v/v) mixture and transferred into an autosampler
vial. The resuspended extracts were stored at +4 C in
the autosampler until 160 ll aliquots were injected into
the chromatographic system. Retinoid standards were
injected prior and subsequent to each experimental in-
jection.
Extracted retinoids were analyzed with a waters
HPLC system equipped with a pump (Waters 610 Fluid
Unit), a regulator (Waters 600 Controller), an auto-
sampler (Waters 717 plus) and a UV–visible photodi-
ode-array detector (Waters 996). The HPLC technique
for the separation of ROL and RE used an isocratic
reversed-phase mode. The analytical column consisted
of a 5 lm Nucleosil C18 (4.6 · 250 mm, Interchim,
Montlucon, France). The mobile phase was 100%
methanol (2 ml/min) and retinoids were detected at 325
nm. Millennium software (version 2.1) was used for
programming and calculations.
Experimental extracts were quantitated by comparing
their integrated peak areas and retention times with
those obtained from known quantities of retinoid stan-
dards. Six-point external standard curves (ranging from
30 to 500 ng) were constructed from diluting solution of
standards in the mobile phase. Intracellular concentra-
tions of retinoids were then calculated using a linear
regression axþ b (concentration vs. area) of the six-
point external standard curve and were adjusted by
percent recovery of the added RL internal standard. The
retinoid concentrations expressed in ng/ml of lysate wereTable 1
Concentrations of retinol and retinyl esters in RPE cells of LE and RCS rat
Time (h) Retinol (ng/mg protein) Retinyl pal
LE RCS LE
0 15± 4 11±4 278± 81
3 201± 41 189± 34 1324±454
6 407± 64 271± 69 1524±173
24 151± 24 150± 64 3776±625
Mean±SD (n ¼ 3).
* P < 0:05 vs. controls (LE), Student’s t-test.then normalized to the protein concentration (ng reti-
noid/mg protein).
2.6. Western blot analysis
The CRBP-I level was assessed in cultured RPE cells
after 0 and 6 h of ROL incubation. Conﬂuent cells were
harvested, suspended in 0.1 M PBS, sonicated and then
concentrated on Centricon (cutoﬀ 10 kDa). Protein
concentrations were determined by the method of
Lowry et al. (1951). Proteins (20 lg) were separated on
SDS-Page, 15% acrylamide, in denaturing conditions
(Laemmli, 1970). After electrophoresis, the separated
proteins were transferred onto nitrocellulose sheets
(Towbin, Staehelin, & Gordon, 1979) for detection of
CRBP-I by Western blotting (Siegenthaler & Saurat,
1987). The nitrocellulose sheets were incubated for 4 h at
room temperature with rabbit anti-recombinant rat
CRBP-I serum (dilution 1/200, synthesized by MC Al-
exandre-Gouabau, INRA, Clermont-Ferrand, France)
and then for 1 h at room temperature with biotinylated
goat anti-rabbit immunoglobulins (dilution 1/800, Vec-
tor Laboratories, Burlingame, CA, USA). Immunore-
active bands were then visualized with Vectastain ABC
reagents (Vector Laboratories, Burlingame, CA, USA)
using diaminobenzidine (Sigma–Aldrich Corp., Saint
Quentin Fallavier, France) as substrate according to the
manufacturer’s instructions. CRBP-I levels were deter-
mined after densitometry of the membrane with a Sony
CD8 camera (Sony, Kyoto, Japan) and were analyzed
with PiclabTM software (Rage, Marseille, France).
2.7. Statistical analysis
Statistical analysis were performed using Student’s t-
test for ROL and RE measurements. A value of P 6 0:05
was accepted as the minimal level of signiﬁcance.3. Results
3.1. Retinol (ROL) analysis within RPE cell extracts
Table 1 provides the concentrations of ROL ex-
tracted from cultured RPE cells of RCS and controls after all-trans-retinol incubation
mitate (ng/mg protein) Retinyl stearate (ng/mg protein)
RCS LE RCS
101± 19 161± 48 54± 21
1743± 274 702± 183 903± 181
2099± 443 812± 172 1176± 253
4326± 954 1875± 206 2317± 470
250 D. Cia et al. / Vision Research 44 (2004) 247–255(LE) rats. HPLC analysis at time zero revealed that
ROL was detectable in the RPE cells prior to incubation
of the monolayer with ROL (Fig. 1). These cells served
as a control for endogenous retinoids within the cul-
tured cells prior to the experimental incubations, andFig. 1. HPLC proﬁles of retinoid content in RPE cells of LE and RCS rats.
(RP) and retinyl stearate (RS). (B) 0 h: retinoids extracted from RPE cells of
from RPE cells of LE rats incubated for 3 h with all-trans-ROL; 6 h: retinoid
ROL; 24 h: retinoids extracted from RPE cells of LE rats incubated for 24 h
rats prior to incubation with all-trans-ROL; 3 h: retinoids extracted from RP
extracted from RPE cells of RCS rats incubated for 6 h with all-trans-ROL; 2
with all-trans-ROL.allowed retinoid processing to be followed without the
necessity of using radiolabels to distinguish newly syn-
thesized compounds. No diﬀerence was observed in the
levels of endogenous ROL between RCS and control
rats (Table 1). Following incubation of the monolayer(A) Standards of retinol (ROL), retinyl laurate (RL), retinyl palmitate
LE rats prior to incubation with all-trans-ROL; 3 h: retinoids extracted
s extracted from RPE cells of LE rats incubated for 6 h with all-trans-
with all-trans-ROL. (C) 0 h: retinoids extracted from RPE cells of RCS
E cells of RCS rats incubated for 3 h with all-trans-ROL; 6 h: retinoids
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creased with 3 and 6 h of ROL incubation and then
decreased at 24 h, in both RCS and control rats (Fig. 1).
No signiﬁcant diﬀerence was observed between the two
strains in the concentrations of ROL at each post-
incubation time (Table 1). After 3, 6 and 24 h incuba-
tion, the ROL concentrations expressed relative to the
initial values (i.e. relative to the values at time zero)
were, respectively, 13, 27 and 10-fold greater in control
rats and 17, 25 and 13-fold greater in RCS rats (Fig. 2).
No signiﬁcant diﬀerence was observed between the two
strains in the increase of ROL at each post-incubation
time (Fig. 2).20
40






















Fig. 3. Concentrations of retinyl esters in RPE cells of LE and RCS
rats after all-trans-retinol incubation expressed relative to the initial
value. CðtÞ and Cð0Þ are expressed in ng/mg protein. (A) Retinyl
palmitate. (B) Retinyl stearate. The data are expressed as means±SD
(n ¼ 3). P < 0:01; P < 0:001, Student’s t-test.3.2. Retinyl esters (RE) analysis within RPE cell extracts
Table 1 provides the concentrations of RE extracted
from cultured RPE cells of RCS and control rats. The
HPLC analysis of the cell extracts at time zero showed
that RE were detectable in both RCS and control RPE
cells before incubation of the monolayer with ROL (Fig.
1). Two RE were detectable in both strains, RP and RS.
The endogenous levels of both RP and RS were found to
be signiﬁcantly 2.6-fold lower in RCS rats than in con-
trols (respectively, 101± 19 and 54± 21 ng/mg protein in
the RCS cells and 278± 81 and 161± 48 ng/mg protein
in the control cells, P < 0:05) (Table 1). Following in-
cubation of the monolayer with ROL, the amount of RE
increased in the two groups (Fig. 1). After 3, 6 and 24 h
of retinol incubation, RP increased 5, 6 and 16-fold,
respectively, in control rats and 17, 21 and 43-fold in
RCS rats, relative to the initial values (Fig. 3). RS in-
creased similarly although the absolute concentrations
were always half those of the RP levels. The increase in
both RP and RS, at each post-incubation time, was
consistently about 3-fold higher in RCS RPE cells than
in controls (P < 0:01) (Fig. 3). However, the concen-




0 3 6 9 12 15 18 21 24 27












Fig. 2. Concentrations of retinol in RPE cells of LE and RCS rats
after all-trans-retinol incubation expressed relative to the initial value.
CðtÞ and Cð0Þ are expressed in ng/mg protein. The data are expressed
as means±SD (n ¼ 3). NS: not signiﬁcant, Student’s t-test.niﬁcantly between RCS and control rats, at each post-
incubation time (Table 1).
3.3. Total vitamin A in RPE cells
For each strain we estimated the total amount of
vitamin A that penetrated into the RPE cells, by sub-
tracting the total vitamin A content observed before
ROL supplementation from the total vitamin A content
observed after ROL supplementation. We calculated the
total vitamin A content (ROL+RP+RS) in RPE cells
as follows: The values of RP and RS, expressed in ng/mg
protein, were converted in ng ROL equivalent per mg
protein and added to the value of ROL (1 lg of RP and
1 lg of RS are equivalent to 0.546 and 0.531 lg of ROL,
respectively, in the formulation currently recommended
by the World Health Organization and the Food and
Agriculture Organization, see also Bieri & McKenna,
1981). Hence, after 3 h of ROL incubation, the increase
of total vitamin A in RPE cells was found to be 1.5-fold
higher in RCS rats than in controls (1489± 155 and
1031± 196 ng ROL equivalent per mg protein, respec-
tively, P < 0:05).
3.4. CRBP-I levels in RPE cells
CRBP-I levels were assessed in the RPE cells of both
control and RCS rats after 0 and 6 h of ROL incubation.
Fig. 4. Western blot analysis of CRBP-I from RCS and LE rats. In
each lane, similar amount of total proteins (20 lg) was separated on
SDS-Page, transferred onto nitrocellulose sheets and probed with
rabbit anti-recombinant rat CRBP-I serum. (1) Rat liver cytosol. (2)
RPE cells of LE rats without all-trans-retinol incubation. (3) RPE cells
of LE rats incubated for 6 h with all-trans-retinol. (4) RPE cells of RCS
rats without all-trans-retinol incubation. (5) RPE cells of RCS rats
incubated for 6 h with all-trans-retinol. To conﬁrm that similar
amounts of proteins have been loaded and transferred in all the lanes,
red ponceau coloration was realized on nitrocellulose sheets after
protein transfer. Molecular weight markers are indicated on the side
of the autodiagram.
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both control and dystrophic animals. At every ROL
incubation time tested, the intensity of the CRBP-I band
was greater in RCS RPE cells when compared to control
cells. Moreover, in each strain, CRBP-I was detected at
about the same level for the two times of ROL incuba-
tion tested.4. Discussion
In the visual cycle, ROL is the precursor for RE
within the RPE and is esteriﬁed into RP and RS in the
presence of LRAT (Barry, Ca~nada, & Rando, 1989;
Rando, 1991; Saari & Bredberg, 1988, 1989; Saari,
Bredberg, & Farrell, 1993). In 1981, Berman et al. ob-
served a reduced level of RE in the RPE of the RCS rat
and concluded a deﬁciency of the ROL esterifying en-
zyme in this strain. In this study, we provide evidence of
a functional ROL esterifying enzyme in RCS rat RPE
cells in primary cultures and propose another explana-
tion for the lack of esteriﬁcation observed by Berman
et al. (1981). In addition, our results show increased
uptake and esteriﬁcation of ROL and apparent in-
creased levels of CRBP-I in RCS rat compared to con-
trol normal-sighted rat RPE cells in primary cultures.
4.1. The esterifying enzyme LRAT is functional in RCS
rat RPE cells in primary cultures
The only study reported in the literature on RCS rats
and ROL esteriﬁcation in RPE cells has been investi-gated by Berman et al. (1981). In this work, they mea-
sured ROL and RE levels in an homogenate of freshly
obtained RPE and choroidal cells from 10-day-old rats.
They showed that, without ROL incubation, RE were
lower in RCS rats than in controls, and that, when the
homogenate was incubated with a buﬀer containing
ROL in ethanol, no esteriﬁcation was detected in RCS
rats compared to controls. Thus, they concluded that
dystrophic animals have a deﬁciency of the ROL ester-
ifying enzyme. In our model of RPE cells in primary
cultures, in basal conditions, i.e. without any ROL
supplementation, the amount of RE was signiﬁcantly
lower in RCS rats than in controls. This suggests that
possibly the esterifying enzyme LRAT is deﬁcient in the
RCS rat. However, after incubation of the RPE mono-
layer with ROL we observed that the intracellular levels
of ROL and RE increased and reached values that were
similar to those of the controls, demonstrating that the
enzyme LRAT is fully functional in primary cultures of
RCS rat RPE cells.
Our RPE cell system diﬀers from the study of Berman
et al. (1981) in that isolated RPE cells in culture were
used. Cell culture allows the isolation of pure RPE cell
populations so avoiding contamination from compo-
nents of the choroid. In this study, we showed that
cultured rat RPE cells were able to take up and esterify
exogenously supplied ROL, supporting the presence of a
functional RE synthase activity and validating the use of
this model to study incorporation and esteriﬁcation of
vitamin A (ROL) in these cells (Flannery, O’Day,
Pfeﬀer, Horwitz, & Bok, 1990; Flood, Bridges, Alvarez,
Blaner, & Gouras, 1983; Pfeﬀer, Clark, Flannery, &
Bok, 1986).
The apparent deﬁciency in ROL esteriﬁcation in RCS
rats reported by Berman et al. (1981) might be explained
by an impaired delivery of ROL to the esterifying en-
zyme. In our study, the ﬁnding of a lower amount of RE
in RCS rats prior to incubation of the RPE cells with
ROL corroborates the study of Berman et al. (1981), but
when ROL was added to the cell cultures it was readily
taken up by the cells, delivered to the LRAT enzyme
and esteriﬁed. Hence, if the low endogenous level of RE
in the RCS rats resulted from a defect in the esterifying
enzyme, it is very unlikely that we could obtain the same
values of RE in the cells of the two strains after ROL
supplementation. In culture, RPE cells develop an apical
and basal morphological polarity and in our culture
conditions the delivery of ROL to RPE cells was re-
stricted to the apical surface. Given the presence of the
choroid and vascular components in the study of Ber-
man et al. (1981), we can speculate that structural
modiﬁcation of ROL or the ROL acceptor may have
occurred (e.g. from oxidation) that prevented uptake of
ROL in RPE cells and hence its esteriﬁcation. However,
the factor that might cause impaired delivery of ROL to
the esterifying enzyme in RCS rat RPE cells and that is
D. Cia et al. / Vision Research 44 (2004) 247–255 253missing in primary cultures is not known and remains
to be determined.
4.2. Increased uptake and esteriﬁcation of ROL in RCS
rat RPE cells in primary cultures
In this study, we showed that the esterifying enzyme
is functional in RCS rat RPE cells in primary cultures.
Moreover, when we examined ROL esteriﬁcation rate
(relative to the initial value), it was signiﬁcantly higher
in RCS rats than in controls at each post-ROL incu-
bation time. The intracellular RE concentrations being
identical between the two strains after ROL supple-
mentation, the diﬀerence in the esteriﬁcation rate is only
a consequence of the lower amount of RE at time zero in
the RCS RPE cells. This result also indicates that, for a
similar period of ROL incubation, more RE were pro-
duced in RCS RPE cells than in controls. Furthermore,
when we estimated the total vitamin A that penetrated
into the RPE cells after ROL supplementation, we
showed that this amount was signiﬁcantly higher in RCS
rats than in controls, meaning that more ROL entered
the RCS RPE cells when ROL was added to the culture
medium. The question is then why are the incorporation
and esteriﬁcation of ROL in cultured RPE cells in-
creased in RCS rats compared to controls?
4.3. Increased level of CRBP-I in RCS rat RPE cells in
primary cultures
CRBP-I that is known to bind all-trans-ROL, could
play a role in the uptake of ROL through the apical side
of the RCS RPE cells and its esteriﬁcation by LRAT.
The ROL-CRBP-I complex is a good substrate for es-
teriﬁcation by LRAT (Edwards, 1981; Ottonello et al.,
1987; Saari et al., 1984). In our study, in basal condi-
tions the level of CRBP-I in the RPE cells appeared to
be higher in RCS rats than in controls, although RE
levels were lower. Moreover, apparent CRBP-I levels
remained high after 6 h of ROL incubation, meaning
that CRBP-I levels were unaﬀected after ROL supple-
mentation. The apparent high levels of CRBP-I in the
RCS RPE cells at this time coincides with the high es-
teriﬁcation rate in these cells. The higher level of CRBP-
I in the RCS rat RPE cells may be a cause of the greater
uptake and esteriﬁcation of ROL by these cells, since it
has been reported for other cells types that over ex-
pression of CRBP-I enhances ROL uptake and esteriﬁ-
cation (Nilsson et al., 1997). It has also been reported in
CRBP-I knockout mice that the absence of CRBP-I
resulted in a reduced amount of RE in RPE and a slower
rate of diﬀusion of ROL from neural retina to RPE, and
that this latter was probably due to the ineﬃcient de-
livery of ROL to the LRAT (Saari et al., 2002). Hence,
we can speculate that the higher uptake of ROL ob-
served in RCS rat RPE cells in primary cultures could bedue to greater delivery of ROL to the LRAT enzyme, a
consequence of the high amount of CRBP-I. A model
proposed in the literature is that the high aﬃnity of
ROL to bind with CRBP-I (Napoli, 2000) and its de-
livery to the LRAT enzyme create a driving force for the
diﬀusion of ROL from photoreceptor cells to the RPE
(Saari et al., 2002).
In summary, we report evidence of a functional ROL
esterifying enzyme in RCS rat RPE cells in primary
cultures. In addition, our observations demonstrate that
in primary cultured RPE cells the esteriﬁcation of ROL
by LRAT and its incorporation through the apical
surface are greater in RCS rats than in controls. The
apparent higher level of CRBP-I measured in primary
cultured RCS RPE cells suggest that CRBP-I might play
a role in the uptake and esteriﬁcation of ROL in the
RPE cells. From our experiments we cannot conclude
that the enhanced uptake and esteriﬁcation of ROL
observed for RCS RPE cells is due to the apparent in-
creased level of CRBP-I in these cells. It may also result
from an increased availability of free fatty acids arising
out of the RCS mutation (Alessandri & Goustard-
Langelier, 2001; Braunagel, Organisciak, & Wang,
1988), since it has been reported for other cells type that
the addition of fatty acids to cell culture medium en-
hances ROL uptake and esteriﬁcation by the cultured
cells (Sauvant et al., 2002; Troen, Nilsson, Norum, &
Blomhoﬀ, 1994). Further experiments will be needed to
assay the LRAT and RE hydrolase activities that reg-
ulate the level of RE in the RPE, and to examine whe-
ther an over expression of CRBP-I in RPE cells of
control animals enhances the uptake and esteriﬁcation
of ROL in these cells. The results in this study indicate
impairments in retinoid metabolism in RCS rat RPE
cells, but it remains to be determined whether the mu-
tation of the Mertk gene in the RCS rat aﬀects retinoid
metabolism or whether the alteration in retinoid me-
tabolism is involved in the pathogenesis of the retinal
degeneration in this strain.Acknowledgements
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